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a b s t r a c t

Creeping Wild Rye (CWR), Leymus triticoides, is a salt-tolerant perennial grass used for mitigating the
problems of saltilization and alkalization in drainage irrigation water and soil to minimize potential pol-
lution of water streams. In this study, CWR was used as a raw material to manufacture medium-density
particleboard. The objective of this research was to characterize the mechanical and water resistance
properties of CWR particleboards bonded by four different adhesive levels and compositions, including
4% polymeric methane diphenyl diisocyanate (PMDI), 2.8% PMDI, [1.2% rice bran adhesive (RBA) + 2.8%
PMDI] and [20% recycled high-density polyethylene (HDPE) + 2.8% PMDI]. In addition, orthogonal exper-
imental design was employed to optimize three factors (hot-press temperature, HDPE particle size and
HDPE content) to achieve desired mechanical and water resistance properties of particleboards bonded
by a mixture adhesive. The evaluated mechanical properties of particleboards were tensile strength (TS),
ice bran adhesive modulus of rupture (MOR), modulus of elasticity (MOE), and internal bond (IB) strength. Water absorption
(WA) and thickness swelling (THS) were measured to determine water resistance properties of the par-
ticleboards. Partially replacing PMDI with RBA did not compromise mechanical quality, but deteriorated
water resistance properties. The results showed that 30% of PMDI can be replaced by adding 20% HDPE,
resulting in particleboard with higher mechanical strength and water resistance than particleboard made
without HDPE. It has been concluded that HDPE from recycled plastic bags could be used as an adhesive

place
or additive to partially re

. Introduction

Particleboard, especially medium-density particleboard, is
idely used for construction, furniture, and interior decoration

wall and ceiling paneling). The primary lignocellulosic materi-
ls used in the particleboard industry are woods, but agro-based
esidues are also investigated for producing particleboards. Since
nnual plant wastes, cotton stalks, peanut husks, rice husks, grape-
ine stalks, palm stalks and small grain straws, such as rice straw,
re inexpensive and valuable materials, the successful utilization
f such agricultural residues for particleboard production is signifi-
ant for reducing the demand of woods and improving environment

Sampathrajan et al., 1992; Kozlowski and Helwig, 1998). As a result,

uch research has been focused on making particleboard using
ice straw, cotton stalks, sugar cane bagasse (Heslop, 1997; Pan and
athcart, 2004), wheat straw (Han et al., 1998; Wang and Sun, 2002;

∗ Corresponding author at: Processed Foods Research Unit, USDA-ARS-WRRC, 800
uchanan St., Albany, CA 94710, USA. Tel.: +1 510 559 5861; fax: +1 510 559 5851.

E-mail address: zhongli.pan@ars.usda.gov (Z. Pan).

926-6690/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.indcrop.2009.01.006
PMDI for making high-quality particleboards.
Published by Elsevier B.V.

Mo et al., 2003), sunflower stalks (Khristova et al., 1998), maize
husks, maize cobs (Sampathrajan et al., 1992), saline athel wood
(Zheng et al., 2006), and saline jose tall wheatgrass (Zheng et al.,
2007).

A large amount of adhesives has to be used in particle-
board industry for producing high-quality products. The adhesives
account for up to 32% of manufacturing costs in the glued-wood
composites industry (Sellers, 2002). Urea–formaldehyde (UF) has
been the major adhesive for wood-based particleboards. Although
formaldehyde-containing resin is widely used today as an adhe-
sive in the manufacture of particleboard, scientists are seeking
alternative adhesive systems due to the highly toxic nature of
formaldehyde (Peng et al., 1997). Also, its compatibility with wheat
straw was poor due to relative high extractives such as wax and
alkaline substance on the surface of wheat straw (Heslop, 1997;
Vick, 1999). Relatively new synthetic adhesives for panel products

are diisocyanates. Their advantages include high reactivity, high
binding quality for exterior-grade panel products, and no formalde-
hyde emission potential. Polymeric diphenyl methane diisocyanate
(PMDI) is particularly important to the rice straw particleboard
manufacturing industry due to its ability to bind rice straw despite

http://www.sciencedirect.com/science/journal/09266690
http://www.elsevier.com/locate/indcrop
mailto:zhongli.pan@ars.usda.gov
dx.doi.org/10.1016/j.indcrop.2009.01.006
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Fig. 1. Creeping Wild Ryegrass (CWR): (a) dry CWR

he significant amount of surface wax on this type of straw. Wheat
traw particleboard bonded with PMDI had mechanical proper-
ies 3–10 times better than particleboard using UF (Heslop, 1997;
oquillon et al., 2004). Diisocyanates also have disadvantages, how-
ver, including relatively higher price and higher toxicity of the
ncured glue in comparison with other adhesives. PMDI costs about
en times as much as UF (Anna, 2003; Zhang et al., 2003), leading to
onsiderably higher production costs. The costs and types of adhe-
ives are of much concern in the particleboard industry (Zhou and
ei, 2000). Therefore, there is a significant interest to partially or

ompletely replace the currently used synthetic adhesives with less
xpensive and environmentally friendly adhesives.

Among several natural products, soy protein has been found
ncreasing role in the adhesive industry, and it may slowly be
nding a niche in the particleboard industry as well. Zhong et al.
2002) used guanidine hydrochloride to denature soy proteins and
btained an adhesive suitable for fiberboard. Mo et al. (2001) mod-
fied soy protein with sodium hydroxide, urea, and dodecylbenzene
ulfonic acid for particleboard bonding. Kreibich (2001) hydrolyzed
ommercial soybean protein fractions with acid and alkaline cata-
ysts to provide a mixture of oligomeric polypeptides and amino
cids with viscosity and reactivity suitable for incorporation into
henolic wood adhesives. Mo et al. (2003) studied the proper-
ies of wheat straw particleboard bonded with soy flour and soy
rotein isolate; they found that soybean-based adhesive showed
echanical strength equal to or better than urea formaldehyde

esins for particleboard made from bleached straw. Due to their
ow water resistance and reported relatively low adhesive strength,
oy-protein-based adhesives have not yet performed very well in
he marketplace. Pan et al. (2005) reported a method of preparing

rice bran adhesive by modifying defatted rice bran with heat and
lkali to improve the adhesive properties for particleboard bonding.
hen Pan et al. (2006) investigated characteristics of rice straw par-

icleboard bound with rice-bran-based adhesive, they found that
0% of PMDI may be removed and replaced with rice bran adhesive

able 1
acromolecular polymer properties of HDPE.

ubstance Glass transition temperature (◦C) Melting point (◦C)

DPE −120.5 133.5
WR at a farm in the San Joaquin Valley, California.

(RBA) to produce particleboard with similar quality characteristics,
except for long-term water absorption, compared to the control.

Creeping Wild Rye (CWR) is a fast growing plant and is extremely
tolerant of salt. It can be used in reclamation of saline-alkali lands
(Sharp Bros. Seed Co., 1997). CWR has been grown in the San Joaquin
Valley of California to help manage saline subsurface drainage water
in arid-land irrigated agriculture, by transpiring water and concen-
trating salt from drainage water (Fig. 1). However, little information
is available about the properties of saline herbaceous particleboards
which were studied in this research.

High-density polyethylene (HDPE) films are often used for plas-
tic grocery bags. They are subject to criticism for producing what
has been termed “white pollution” to the environment. It is also
important to find new use for recycled HDPE bags to reduce the
pollution. HDPE was used as an adhesive to make wood plastic
composites (WPC) and showed good performance (Kamdem et al.,
2004). However, it has not been researched to employ HDPE as an
additive mixed with commercial adhesives such as PMDI to make
grass-based particleboards. In this study HDPE bags were studied
for making composite particleboard with CWR to partially replace
PMDI.

The objectives of this study were: (a) to characterize the
mechanical properties and water resistance of particleboard made
from CWR as affected by adhesives (PMDI and RBA); and (b) to
investigate the mechanical properties and water resistance of parti-
cleboard made from CWR as affected by replacing PMDI with HDPE
as an adhesive.

2. Materials and methods
2.1. Materials

PMDI (100% solid content) was used as a major adhesive for
making particleboards in this study. It was obtained from Bayer
Polymers LLC (Pittsburgh, PA). Rice bran adhesive (RBA) was made

Viscosity (Pa s) Tensile strength (psi) (under room temperature)

27,500 4400
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including hot-press temperature, HDPE particle size and HDPE
content were optimized for particleboards’ mechanical and water
resistance properties by using 3 factors × 3 levels, L9 (33) orthog-
B. Li et al. / Industrial Crop

rom defatted rice bran (RB) treated under pH of 12 and temperature
f 100 ◦C as described by Pan et al. (2005). High-density polyethy-
ene (HDPE) was obtained from regular plastic grocery bags, which

ere cut into small square pieces with a paper cutter. The typical
hysical and mechanical properties of HDPE are shown in Table 1.
oth RBA and HDPE were used to partially replace PMDI in manu-

acturing CWR particleboard.
CWR used in this study was collected from Red Rock Ranch (RRR)

n the San Joaquin Valley (SJV), California. Its as-received moisture
ontent (MC) was determined to be 11% using the ASTM standard
ethod (ASTM D4442-92). All reported MCs in this study were

ased on wet basis unless specified otherwise. The CWR was milled
nto particles with a hammer mill (Model C269OYB, Franklin Co.
nc., Buffton, IN) equipped with a screen that has 0.32 cm × 0.32 cm
penings. After milling, the particles were sieved into three groups
larger than 20 mesh, 20–40 mesh and smaller than 40 mesh) using
sieve shaker (ROTAP, W.S. Tyler Company, Cleveland, OH) with

orresponding sieves (Newark Wire Cloth Co., NJ). The particles
etween 20 and 40 mesh were further dried to MC of 8% under
mbient conditions, and then stored in plastic bags in the Biomass
aboratory at the University of California, Davis, at 62 ± 1% relative
umidity (RH) and 22 ± 1 ◦C until being used.

.2. Manufacture of particleboard

Medium-density particleboards were fabricated using the
ethod described by Pan et al. (2006). Adhesive materials, PMDI,

BA or HDPE, at the specified levels mentioned in the Section 2.4,
ere mixed with CWR particles in a mixer (Model KP267XBK;
itchenAid, Greenville, OH) for 8 min at ambient temperature. The
esinated CWR particles were then pre-pressed into a mat in a wood
old with dimensions of 22.8 cm × 22.8 cm × 10 cm. The resultant
at was pressed into a particleboard using a hot press (Model 3891

uto “M”, Carver, Inc., Wabash, IN) equipped with 22.8 cm × 22.8 cm
etal plates. Since the bulk density of particleboard is an important

actor affecting particleboard qualities, the mass of CWR particles
as adjusted so that the finished particleboard had a target final
ulk density of 0.70 g/cm3 and thickness of 0.52 cm. The finished
articleboard was trimmed to avoid edge effects, and then cut into
arious sizes for property tests. The cut pieces were conditioned for
t least 48 h in a Fisherbrand® Cabinet maintained at a RH of 65%
y means of saturated CoCl solution and a temperature of approxi-
ately 25 ◦C before property tests (Rowell et al., 1995).

.3. Evaluation of particleboard properties and statistically
nalysis

Module of rupture (MOR) and module of elasticity (MOE), ten-
ile strength (TS), and internal bond (IB) strength were measured to
valuate mechanical properties of particleboards. Water resistance
roperties were assessed by measuring water absorption (WA) and
hickness swelling (THS). Data analysis was conducted using an
AS software package (Version 9.1.3, SP4, SAS Institute Inc., Cary,
C). The significance of different treatments was determined using
nalysis of variance (ANOVA) (pcritical = 0.05) and least significant
ifference (LSD) (˛ = 0.05). All reported values are the average of
hree replicates.

.3.1. Mechanical properties
Mechanical properties of particleboards were determined

ccording to the ASTM standard method (D1037-99, ASTM, 1999)

sing an Instron testing machine (Model 1122; Instron Corporation,
anton, MA). Particleboards were cut into 3.8 cm × 15.2 cm strips

or determining tensile strength (TS), into 5.1 cm × 17.8 cm strips
or static bending tests (MOR and MOE), and into 5.1 cm × 5.1 cm
quares for internal bond (IB) strength measurements. The
Products 30 (2009) 65–71 67

crosshead speeds were 4 mm/min for the TS test and 5 mm/min
for the static bending and IB tests. MOR and MOE were obtained
from the static bending tests and calculated using the following
equations:

MOR = 3PL

2bd2
(1)

MOE = p1L3

4bd3y1
(2)

In both equations, b is the width of specimen (mm); d is the thick-
ness (depth) of specimen (mm); MOR is the modulus of rupture
(kPa); L is the length of span (mm); P is the static bending maximum
load (N); p1 is the load at proportional limit (N); y1 is the cen-
ter deflection at proportional limit load (mm); MOE is the stiffness
(apparent modulus of elasticity).

2.3.2. Water resistance properties
WA and THS properties were also determined according to the

ASTM standard method (D1037-99, ASTM, 1999). For this test, par-
ticleboards were cut into 15.2 cm × 15.2 cm squares and soaked
in DI water at room temperature for totally 24 h. Board thickness
and weight were measured before soaking and after 2 and 24 h
of immersion to determine short- and long-term water absorp-
tion and thickness swelling. The WA and THS are reported as the
percentages of both weight and thickness changes of the initial
values.

2.4. Experimental design

2.4.1. Effect of adhesives on properties of particleboards
In order to manufacture high-quality grass-based particle-

boards, PMDI is currently a required adhesive to make parti-
cleboards meet the commercial and/or industrial requirements.
On one hand, PMDI is much more expensive than other regular
water-based adhesives such as urea formaldehyde (UF) and phenol
formaldehyde (PF). On the other hand, regular formaldehyde-based
adhesives are environmentally harmful because they can emit
formaldehyde during particleboard processing and/or usage. There-
fore, this research was trying to develop several cost-effective
approaches of using adhesives to make high-quality particle-
boards. Particleboards were made with four different adhesive
levels or combinations: 4% PMDI, 2.8% PMDI, 2.8% PMDI + 1.2%
RBA, and P20 (20% HDPE + 2.8% PMDI. The particle size of HDPE
was 5 m × 5 m. All reported dosages of adhesives were calculated
based on the dry weight of CWR particles unless specified other-
wise. The hot-press conditions for all treatments were the same
with pressure = 1939 kPa, temperature = 140 ◦C and time = 8 min
to allow HDPE to melt and deposit to the surface of grass
particles.

2.4.2. Optimization of particleboard properties on addition of
HDPE

Based on the results from Section 2.4.1, HDPE was found to
be a potentially powerful additive replacing certain PMDI content
to make high-quality particleboards. Manufacturing conditions,
onal experimental design (Table 2). In this part of study, the HDPE
was mixed with 2.8% PMDI as adhesive to make particleboard
board unless specified otherwise. Other operation conditions such
as hot-press pressure and time were fixed at 1939 kPa and 8 min,
respectively.
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Table 2
Orthogonal L9 (33) experimental arrangement.

Experimental
number

Factors

FA FB FC

Hot-press
temperature (◦C)

HDPE particle
size (mm2)

HDPE content
(%)a

1 140 (L1) 5 (L1) 10 (L1)
2 140 (L1) 10 (L2) 15 (L2)
3 140 (L1) 15 (L3) 20 (L3)
4 150 (L2) 5 (L1) 15 (L2)
5 150 (L2) 10 (L2) 20 (L3)
6 150 (L2) 15 (L3) 10 (L1)
7 160 (L3) 5 (L1) 20 (L3)
8 160 (L3) 10 (L2) 10 (L1)
9 160 (L ) 15 (L ) 15 (L )

L
s

3

3

3

1
s
d
u
s
4
t
r
W
n
t
T
w

d
t
o
H
f
l
a
w
t

F
1
l

3 3 2

i (i = 1, 2, 3) refers to a level i (1, 2, 3) of certain factors; Fj (j = A, B, C) refers to a
pecified factor. Here, i and j represent the number of row and column, respectively.

a HDPE was mixed with 2.8% PMDI.

. Results and discussions

.1. Effect of adhesive profiles on properties of particleboards

.1.1. Mechanical properties
As shown in Fig. 2, TS significantly decreased from 12.86 to

0.75 MPa when PMDI content was reduced from 4% to 2.8%. At the
ame time, MOR also decreased from 24.67 to 23.63 MPa, but the
ecrease extent was not statistically significant. When 1.2% RBA was
sed together with 2.8% PMDI, TS and MOR of particleboards were
lightly higher than those of the control particleboards bonded by
% PMDI. The presence of RBA could have certain positive effects on
he polymerization of PMDI during hot press because RBA contains
ich –OH groups, which is very chemically active to react with PMDI.

hen 20% HDPE (P20) was used, TS and MOR of particleboards sig-
ificantly increased by 17% and 77%, respectively, compared with
he control. The exact reason needs to be researched in future.
he interactions of HDPE with PMDI and HDPE with grass particles
ould be important study topics for further work.

The reduction of PMDI content from 4% to 2.8% did lead to
ecrease in both IB and MOE, although the decrease was not statis-
ically significant (Fig. 3). The replacement of 1.2% PMDI by RBA
btained comparative IB and MOE, comparing with the control.
owever, the MOE of particleboard bonded by P20 was reduced
rom 3736 MPa of the control to 2862 MPa, which was significantly
ower than that of the other three treatments. Since HDPE is soft
nd flexible polymer, the associated MOE and yield stress are low,
hile ultimate elongation, MOR and TS are usually high. Therefore,

he application of HDPE decreased the particleboard’s toughness

ig. 2. Effect of adhesives on TS and MOR (DI4.0—4% PMDI; DI2.8—2.8% PMDI;
.2RBA + DI2.8—1.2% RBA plus 2.8% PMDI; P20—20% HDPE + 2.8% PMDI) (the same
etters on the top of bars mean no significant difference among the treatments).
Fig. 3. Effect of adhesives on IB and MOE (DI4.0—4% PMDI; DI2.8—2.8% PMDI;
1.2RBA + DI2.8—1.2% RBA plus 2.8% PMDI; P20—20% HDPE + 2.8% PMDI) (the same
letters on the top of bars mean no significant difference among the treatments).

(MOE), but the ability to resist rupture deformation was strength-
ened at the same time. This conclusion was consistent with the
results shown in Fig. 2. In addition, the IB of particleboard boned
by P20 was similar to those made from other three adhesive treat-
ments. Under this situation, the HDPE polymer material properties
were not a determinable factor, but the bonding quality between
HDPE and grass particles played a more important role for IB prop-
erty of particleboards. With the hot-press temperature (140 ◦C)
higher than melting point of HDPE, HDPE melted and deposited to
grass surface very well during hot press so that grass particles were
bonded together tightly and improved IB as shown in Section 3.2.

3.1.2. Water absorption and thickness swelling
Fig. 4 indicated that decrease of PMDI content from 4% to 2.8%

resulted in significant increase of short-term WA and THS. Although
the replacement of 1.2% PMDI with RBA could improve water
resistance properties comparing with 2.8% PMDI, it deteriorated
short-term WA and THS of particleboards in contrast to the control.
Since primary functional components of RBA, including modified
starch and denatured protein, are highly water soluble, the utiliza-
tion of RBA increased the short-term WA and THS of particleboard.
The short-term WA and THS of particleboards bonded by P20 with
1.2% PMDI replacement significantly decreased by 59% and 46%,
respectively, compared to the control with 4% PMDI. The presence

and deposition of HDPE on grass particle surface could effectively
prevent water penetrating and being adsorbed by particleboards
because HDPE is a high-quality water repellent polymer.

As shown in Fig. 5, the relative differences of long-term WA
and THS of particleboards among all treatments were similar to

Fig. 4. Effect of adhesives on short-term water absorption and thickness swelling
(DI4.0—4% PMDI; DI2.8—2.8% PMDI; 1.2RBA + DI2.8—1.2% RBA plus 2.8% PMDI;
P20—20% HDPE + 2.8% PMDI) (the same letters on the top of bars mean no significant
difference among the treatments).
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ig. 5. Effect of adhesives on long-term water absorption and thickness swelling
DI4.0—4% PMDI; DI2.8—2.8% PMDI; 1.2RBA + DI2.8—1.2% RBA plus 2.8% PMDI;
20—20% HDPE + 2.8% PMDI) (the same letters on the top of bars mean no significant
ifference among the treatments).

hose of the short-term WA and THS. Again, HDPE was proved to
e a superior additive to make particleboards much more water
esistant.

Particleboards made with all the treatments meet the mechani-
al requirements for the industrial use and recommended furniture
se particleboards based on the U.S. Standard (ANSI/A208.1,
omposite Panel Association, 1999) (Table 3). However, they, except

or P20 bonded particleboards, were not satisfying on the water
esistance properties. Particleboards bonded by P20 far exceeded
he minimum requirements of U.S. Standard for the industrial use
except for 8% THS for decking particleboard) and the recommended
equirements for furniture use on both mechanical and water resis-
ance properties (Schneider et al., 1996).

.2. Data analysis for orthogonal optimization experiments
.2.1. Intuitive and range data analysis for optimum condition
etermination

Orthogonal experimental results of mechanical and water resis-
ance properties of particleboards are shown in Table 4. All

able 3
B, MOE, MOR and thickness swelling standard (ANSI A208.1) and recommended values.

sage Gradea MOR (MPa)

ommercial
M-1 11.0
M-S 12.5

ndustrial
M-2 14.5
M-3 16.5

ecommended value (Schneider et al., 1996) Furniture NA

A: Not applicable.
a M-1 and M-S are for commercial usage and M-2 and M-3 are for industrial usage.
b THS standard is special for manufactured home decking particleboard.

able 4
rthogonal experimental test results of mechanical and water resistance properties of pa

xperimental
umber

Factors

Hot-press
temperature (◦C)

HDPE particle
size (mm2)

HDPE
content (%)

MOE
(MPa)

M
(

140 5 10 2343.7 1
140 10 15 2705.8 2
140 15 20 2407.8 2
150 5 15 2534.4 2
150 10 20 2702.0 2
150 15 10 2557.3 2
160 5 20 2272.7 2
160 10 10 2489.6 2
160 15 15 2345.9 2
Products 30 (2009) 65–71 69

particleboards made in this study exceeded the mechanical require-
ments of the U.S. Standard on grade M-2 for industrial use;
additionally, these particleboards met the recommended IB, WA
and THS for furniture manufacture (Table 3).

For the orthogonal experimental design, conventional intuitive
and range data analysis methods were employed to detect effects of
tested factors on the properties of particleboards and to determine
the optimal conditions. Since there are eight responses, including
four mechanical and four water resistance properties, MOE was
selected as a typical example to show the data analysis proce-
dure and results (Table 5). The same data analysis methods and
procedures were exactly followed to analyze data for other seven
responses. Based on the observations on the trend from I to II and to
III under the same factor (column), three tested factors had similar
effect on MOE, i.e. MOE enhanced with the increase of factors (hot-
press temperature, HDPE particle size or HDPE content) from level
1 to level 2, and then dropped off with the change of those factors
from level 2 to level 3. The ranges of MOE under both hot-press tem-
perature (R = 228.51) and HDPE particle size (R = 248.87) were much
larger than that under HDPE content (R = 67.86), which might indi-
cate that both hot-press temperature and HDPE particle size were
more statistically significant than HDPE content on MOE. Based on
intuitive and range data analysis, the optimal conditions for MOE
were concluded to be hot-press temperature = 150 ◦C, HDPE parti-
cle size = 10 mm2, and HDPE content = 15%, which is different from
the tested optimum conditions of hot-press temperature = 140 ◦C,
HDPE particle size = 10 mm2, and HDPE content = 15%. Therefore,
the obtained optimum conditions would be verified in future.

3.2.2. Analysis of variance (ANOVA) to determine the significance
of factors

Although the conventional intuitive and range data analysis can
help with optimization process, they are not enough to determine
the significance of factors. Therefore, analysis of variance (ANOVA)

was used to test the significance of factors. Again, MOE was taken
as an example to show the basic procedures and results of ANOVA.
The typical ANOVA table was made as Table 6, from which both
press temperature (p = 0.045) and HDPE particle size (p = 0.0346)
were found to be significant factors for MOE, but HDPE content

MOE (MPa) IB (MPa) THS (24 h, %) WA (24 h, %)

1725 0.4 8b NA
1900 0.4 8b NA

2225 0.45 8b NA
2750 0.55 8b NA

NA 0.4 25 60

rticleboards.

Results

OR
MPa)

TS
(MPa)

IB
(MPa)

WA
(2 h, %)

WA
(24 h, %)

THS
(2 h, %)

THS
(24 h, %)

9.15 10.95 0.53 10.49 38.77 7.83 24.85
1.83 16.27 0.49 8.23 27.75 5.14 16
4.71 18.47 0.51 7.72 23.73 5.2 11.6
4.09 15.86 0.48 8.92 27.85 6.78 18.07
2.06 17.15 0.64 6.79 20.55 3.77 9.13
0.69 14.09 0.60 10.27 33.6 7.34 18.85
5.71 20.02 0.79 7.43 24.05 4.2 11.8
2.61 17.54 0.89 9.9 33.79 5.54 18.48
1.03 10.61 0.76 8.63 27.72 4.44 14.54
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Table 5
Intuitive and range data analysis for MOE of orthogonal experiments.

Experimental number Factors Result

FA FB FC

Hot-press temperature (◦C) HDPE particle size (mm2) HDPE content (%) MOE (MPa)

1 140 (L1) 5 (L1) 10 (L1) 2343.74
2 140 (L1) 10 (L2) 15 (L2) 2705.8
3 140 (L1) 15 (L3) 20 (L3) 2407.8
4 150 (L2) 5 (L1) 15 (L2) 2534.41
5 150 (L2) 10 (L2) 20 (L3) 2702.01
6 150 (L2) 15 (L3) 10 (L1) 2557.33
7 160 (L3) 5 (L1) 20 (L3) 2272.69
8 160 (L3) 10 (L2) 10 (L1) 2489.64
9 160 (L3) 15 (L3) 15 (L2) 2345.88

I 7457.34 7150.84 7390.71
T = 22359.30II 7793.75 7897.45 7586.09

III 7108.21 7311.01 7382.50
K1 2485.78 2383.61 2463.57

T = 2484.37K2 2597.92 2632.48 2528.70
K3 2369.40 2437.00 2460.83
R 228.51 248.87 67.86 –

The cells in row I (II, III) correspond to the sum of MOE values under L1 (L2, L3) of certain factors. For example, cell IFA is equal to the sum of MOE values under temperature
of 140 ◦C (L1), i.e. IFA = 7457.34 = 2343.74 + 2705.8 + 2407.8. Ki (i = 1, 2, 3) represents the average of I, II, III from the corresponding cells. R refers to the difference between
maximum and minimum Kis. T is the sum of all MOE values. � is the mean of all MOE values.

Table 6
ANOVA table for MOE.

Source Type III sum of squares df Mean square F value [F� = 0.05(2,2) = 19] p value (pcritical = 0.05)

Hot-press temperature 78336.50407 2 39168.252 21.2241865 0.0450
HDPE particle size 102999.1994 2 51499.6 27.9062008 0.0346
H 44
E 18
T –

(
s

3
p

m
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p
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M
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T

s

DPE content 8854.404067 2
rror 3690.907267 2
otal 193881.0148 8

p = 0.2942) was not significant when both pcritical value and � were
et to 0.05.
.3. Summary of orthogonal optimization of particleboard
roperties

By following similar data analysis procedures as MOE, the opti-
um conditions and significance of factors were determined and

able 7
ummary of optimization results.

articleboard
roperties

Optimal conditions

Hot-press
temperature (◦C)

HDPE particle
size (mm2)

HDPE content
(%)

OE 150 (p = 0.045) 10 (p = 0.0346) 15 (p = 0.2942)

OR 160 (p = 0.8609) 5 (p = 0.9132) 20 (p = 0.4621)

S 160 (p = 0.9711) 10 (p = 0.7737) 20 (p = 0.4804)

B 160 (p = 0.0052) 10 (p = 0.0897) 10 (p = 0.0545)

A (24 h)a 150 (p = 0.0506) 10 (p = 0.0459) 20 (p = 0.0025)

HS (24 h)a 150 (p = 0.0552) 10 (p = 0.026) 20 (p = 0.0044)

a Short-term WA (2 h) and THS (2 h) were similar to long-term WA (24 h) and THS (24 h
hort-term WA (2 h) and THS (2 h) were the same as those for the long-term WA (24 h) an
27.202 2.39897766 0.2942
45.4536 – –

– –

summarized in Table 7. Mechanical properties, including MOE,
MOR, IB and TS had different optimum conditions from each other.
However, short- and long-term water resistance properties such

as WA and THS had same optimum conditions. The optimum con-
ditions for WA were the same as those for THS. Water resistance
properties had different optimum conditions from mechanical
properties. Therefore, optimization process should focus on certain
properties because there are no universal optimum conditions for

Conclusions

Based on ANOVA results, hot-press temperature and HDPE particle size have
significant effects on MOE, but HDPE content does not.
ANOVA showed that no factor was statistically significant on MOR. Intuitive
and range analysis could determine mathematical optimization conditions. But
since all optimized conditions are either lower or upper limit, more research
would be done for further optimization.
It was indicated that all factors were not statistically significant on TS. Based
on the intuitive and range analysis, mathematical optimization conditions
could be obtained. But the hot-press temperature and HDPE content could be
further optimized for TS because the obtained optimum values were upper
and lower limits, respectively.
ANOVA results indicated that only hot-press temperature was statistically
significant for IB. The temperature and HDPE content need more study for
further optimization.
Both HDPE particle size and content had significant effects on WA (2 and 24 h).
The HDPE content could be further optimized for WA.
Similarly to WA, both HDPE particle size and content were statistically
significant for THS (2 and 24 h). The HDPE content could be further optimized
for THS.

) on the ANOVA results for the significance of factors. The optimum conditions for
d THS (24 h).
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ll properties. In addition, some optimum conditions found in this
tudy were either upper (e.g. optimum hot-press temperature for
OR) or lower (e.g. HDPE particle size for MOR) limit of selected

evels and responses increased or decreased monotonically with
actor levels so that more optimization research needs to be done
o find optimum conditions beyond tested ranges.

. Conclusions

The particleboards manufactured by using CWR and tested
dhesive levels and combinations of 4.0% PMDI, 2.8% PMDI, and
1.2% RBA + 2.8% PMDI) can meet the mechanical property require-

ents, but not water resistance requirements for industrial use
nd recommended furniture use based on the U.S. Standard.
oth mechanical and water resistance properties of particleboards
onded by P20 (20% HDPE + 2.8% PMDI) far exceeded the require-
ents of recommended furniture use and minimum requirements

f U.S. Standard for the industrial use (M-3 grade) (except for 8% THS
or decking particleboard). Both RBA and HDPE were proved to be
otentially powerful additives to partially replace certain amount
f PMDI content to make high-quality particleboards. However,
mprovements such as addition of wax and surface finishing pro-
esses might be needed to enhance the water resistance properties
hen RBA is used.

Intuitive and range analysis indicated that different mechanical
roperties had different optimum conditions and all the optimum
onditions for mechanical properties were also different from those
or water resistance properties. However, WA and THS regardless
f short or long-term shared the same optimum conditions, i.e.
ot-press temperature = 150 ◦C, HDPE particle size = 10 mm2, and
DPE content = 20%, under which the WA (24 h) and THS (24 h) were
0.55% and 9.13%, respectively.
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